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ARTICLE INFO ABSTRACT
Keywords: This study presents an environmentally friendly approach for synthesis Ag-TiO, composite using pulsed reverse
Pulsed reverse current electrodeposition current (PRC) electrodeposition from green electrolytes, specifically deep eutectic solvents (DESs). The combi-

Deep eutectic solvent
Ag-tio2 composite
Photocatalytic activity
Antibacterial effect

nation of PRC and DESs offers better control over nanoparticle synthesis while eliminating the need for toxic or
expensive precursors, representing a significant advancement in sustainable nanomaterial synthesis. Different
electrochemical parameters were adjusted, and their influence on the structure and morphology of the composite
was investigated using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). TEM analysis revealed that silver nanoparticles
(Ag NPs) are attached to TiO3 nanopowder, with the coexistence of TiO2 and Ag further confirmed by XRD and
XPS. The recorded UV-Vis diffuse reflectance spectra (DRS) displayed a broad peak in the range of 400 — 650 nm,
associated with the localized surface plasmon resonance (LSPR) of Ag NPs on the semiconductor’s surface. The
photocatalytic activity of TiOy nanopowder and Ag-TiO, composite was evaluated based on the degradation of
methyl orange (MO) dye under UV and visible light illumination. Our findings clearly demonstrated that the
incorporation of Ag improved the photocatalytic efficiency. The mechanism of MO dye degradation was explored
by using various scavengers, revealing that superoxide radicals (eO;) play a dominant role. Furthermore, the
incorporation of Ag NPs significantly enhanced the antimicrobial activity of the oxide against both Gram-positive
(B. subtilis) and Gram-negative (E.coli) strains.

1. Introduction pollutants, methyl orange (MO) is a carcinogenic azo dye widely used in
industries such as textiles, foodstuffs, paper and leather [2]. It is

Among the various semiconductor oxides with remarkable photo- water-soluble and possesses high chemical stability and low biode-
catalytic activity, titanium dioxide (TiO2) has been extensively studied gradability, making it difficult to remove using conventional water pu-
for the photodegradation of organic and inorganic pollutants due to its rification methods. The toxic effects of MO on human health are
low cost and non-toxicity [1]. Among the many organic water well-documented, as its presence in drinking water can cause
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headache, anemia, abdominal pain, nausea, dizziness, and confusion.
Prolonged exposure at high levels can even be fatal [2-4]. Therefore, its
removal from water is a major concern. However, the practical appli-
cation of TiO» for the photodegradation of organic dyes is limited to the
ultraviolet (UV) region due to its wide band gap (~3.2 eV), which allows
it to utilize only about 5 % of solar energy, compared to visible light,
which constitutes approximately 50 % [5,6]

Different approaches have been investigated to improve the TiO5
photocatalytic activity under visible light [6-8]. Among them, Ag
incorporation represents an effective strategy, as it extends the light
absorption of TiO3 in the visible region due to the LSPR effect [10-14].
Additionally, it improves the photocatalytic efficiency of the oxide by
forming a high Schottky barrier at the metal-TiO5 interface, which act as
an electron trap, preventing electron-hole recombination after photon
absorption [9,10]. Furthermore, Ag exhibits a broad-spectrum antibac-
terial activity, improving the bactericidal performance of TiO2 [5,
11-14]. The antibacterial properties of Ag-TiO, composites have been
attributed to the synergistic effect of silver ions, released from the
dissolution of Ag NPs, and the production of reactive species by the
photocatalyst. These reactive species disrupt the integrity of the bacte-
rial cell membranes, causing leakage of intracellular components and
ultimately leading to cell death [15,16]. Ag-TiO, composites have
demonstrated effectiveness against a wide range of Gram-positive (Ba-
cillus subtilis, Staphylococcus aureus, MRSA) and Gram-negative (Escher-
ichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa) bacterial
strains, as well as fungi (Candida. albicans) [14]. The potential applica-
tions of Ag-TiOy composites include environmental remediation owing
to their photocatalytic activity against organic pollutants and pharma-
ceutical compounds, as well as biological applications due to their
antibacterial, antiviral and antifungal properties [13,17-23].

Various methods have been reported for synthetizing Ag-TiO3 com-
posites, including hydro/solvothermal [20,24], sol-gel [25-28], chem-
ical reduction [29] and co-precipitation [30] among others [18,23].
Mao et al. reported the hydrothermal synthesis of Ag-TiO5 composites
with different Ag loading (5 %, 10 %, 20 % and 40 %) and investigated
their efficiency in the photodegradation of MO [24]. Among the
different samples, 20 % Ag-TiO5 composite exhibited the highest pho-
todegradation efficiency. In another study, Harikishore and co-authors
reported the synthesis of Ag-TiO5 composite by sol-gel route [27]. The
authors used titanium tetra n-butoxide as a precursor, which was mixed
with acetic acid and silver nitrate solution in water (5 mol %) for 8 h to
obtain a transparent sol that was further dried and annealed for 5 h. The
incorporation of Ag into TiOy reduced the band gap of the semi-
conductor, enhanced its photocatalytic activity for the degradation of
methylene blue (MB) dye under UV light, and significantly improved its
antibacterial properties against the Gram-negative strain, E. coli (E.coli).

Despite these advancements, many conventional synthesis methods
remain costly, require long processing times, and rely on toxic pre-
cursors [9,18,26]. Electrochemical routes offer several advantages,
including cost-effectiveness, scalability and high purity materials,
making them highly suitable for various industrial applications [31-34].
Among electrochemical techniques, pulsed reversed current electrode-
position (PRC) stands out for its versatility [35-37]. PRC enables precise
tuning of deposition parameters such as pulse duration, frequency, duty
cycle, current density and deposition time, allowing better control over
NPs size, shape and distribution [38,39]. In contrast, sol-gel and hy-
drothermal methods primarily depend on temperature and precursor
ratios, which can lead to inconsistent morphology [40]. In recent years,
deep eutectic solvents (DESs) have gained significant attention as an
eco-friendly alternative electrolyte in nanomaterials synthesis, further
supporting global sustainability goals [41]. DESs consist of a mixture of
a hydrogen bond donor (HBD) with a hydrogen bond acceptor (HBA), in
a specific ratio, resulting in a solution with a melting point lower than
that of its individual components [42]. Their advantages include lower
cost, biodegradability, non-toxicity, high viscosity, low vapor-pressure,
and tunability. DESs have revolutionized nanomaterial synthesis, as
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their properties facilitate control over morphology, dimension, and
surface characteristics [43]. Moreover, the combination of DESs, as
green electrolytes, with PRC provides a cost-effective and environmen-
tally friendly approach to nanomaterial synthesis, eliminating the need
for expensive or hazardous precursors. Previously, we successfully re-
ported the decoration of multi-walled carbon nanotubes (MWCNTSs)
with Ag-NPs via PRC from a DESs based on a mixture of choline chloride
and glycerol (1:2 molar ratio) for energy storage applications [44].
During the electrochemical synthesis, the pulse duration of the anodic
and cathodic phases was varied, while the off-time between pulses
remained fixed. The size of the Ag-NPs depended on the selected elec-
trochemical parameters. The decoration of the MWCNTs with Ag
significantly improved the capacitance retention of the modified
MWCNTs electrodes.

The novelty of this work lies in the synthesis of an Ag-TiO, composite
using an approach that combines deep eutectic solvents (DESs), based on
a choline chloride-ethylene glycol mixture, with the pulsed reversed
current (PRC) electrodeposition method. This synthesis route allows for
the tunning of deposition parameters, resulting in the formation of well-
defined Ag NPs on TiO,, while offering a cost-effective and environ-
mentally friendly alternative to conventional synthesis methods. The
influence of the PRC parameters on the crystallite size, Ag loading,
morphology, and photocatalytic activity for MO degradation under UV
and visible light irradiation was analysed. To understand the mechanism
of MO dye degradation, various scavengers were used, and its miner-
alization was studied. Furthermore, the antimicrobial activity of the
optimized Ag-TiO photocatalyst was investigated against Gram-
positive (B. subtilis var spizizenii) and Gram-negative (E.coli) strains.
Clearly, Ag incorporation improved both the photocatalytic and bacte-
ricidal activity of the semiconductor.

2. Materials and methods
2.1. Chemicals and preparation of DESs

All chemicals, namely choline chloride (ChCI>98 %, Thermo Sci-
entific), ethylene glycol (EG, >99 %, Thermo Scientific), poly (N-vinyl
pyrrolidone) (PVP 10, Sigma Aldrich), tetrabutylammonium bromide
(TBAB, >98 %, Sigma Aldrich), ethanol (EtOH), and methyl orange
(MO, Polymed Trade, Bucharest, Romania), were used as received. The
DES, named ILEG, was prepared by mixing and heating ChCl with EG in
a 1:2 molar ratio at 70 °C until a homogeneous and transparent liquid
was formed.

2.2. Electrochemical synthesis of tio, and ag-tioy

The electrochemical synthesis of TiO; nanopowder was performed
using a procedure previously described by our group [45]. Briefly, a
two-electrode configuration was used, with a pure titanium disk
(surface= 36.3 cm?) as the sacrificial anode and a nickel foil (surfa-
ce=15.2cm?) as the cathode. A 1:2 vol mixture of ILEG-EtOH, containing
5 mM TBAB to improve conductivity, was used as the electrolyte. TiO;
nanopowder was synthesized under DC conditions at a fixed current
density of 40 mA/cm? for 3 h. Following the electrochemical synthesis,
10 mL of deionized water was added to the electrolyte for hydrolysis,
resulting in a white gel, which was subsequently cleaned by centrifu-
gation with water and ethanol (4000 rpm, 15 min, repeated 4 times).
Finally, the nanopowder was dried at 110 °C for 1 h and calcinated at
600 °C for 2 h.

In another series of experiments, Ag-TiO5 composites were prepared
by PRC using the sacrificial anode’ method. First, 5 g/L of PVP was
dissolved in the ILEG electrolyte. Subsequently, 12 g/L of electro-
chemically prepared TiO, nanopowder was added and dispersed by
stirring. The setup consisted of two silver wires (>99.99 %, 5 cm? area,
Sigma Aldrich) connected to a pulsed reverse power supply (peS86CB
3HE, plating electronic GmbH). Prior to each experiment, the Ag wires
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Table 1
Pulsed plating parameters involved in the synthesis of Ag-TiO, composite.
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Sample Anodic pulse (reverse) Ip" T, Togs Cathodic pulse (forward) Ip~ 1{) n Frequency f Duty cycled  Overall time
Ag-TiO»-1.1 +100 mA 100 ms  —100 mA 3.33Hz 0.67 1h
Ag-TiO,-1.2 (further named Ag-TiO2-1h) 100 ms 200 ms 100 ms 2.5Hz 0.5

Ag-TiO»-1.3 300 ms 2 Hz 0.4

Ag-TiO>-3h +100 mA 200ms  —100 mA 2.5Hz 0.5 3h
Ag-TiO,-6h 100 ms 100 ms 6h

*Ip* - anodic peak current, Ip” - cathodic peak current, T", —anodic peak duration, T{n -cathodic peak duration and T, — duration of the period during which no current
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Fig. 1. Schematic of the electrochemical synthesis of the Ag-TiO, composite.

were mechanically polished. The PRC parameters studied are presented
in Table 1, and a schematic representation of the setup and pulse plating
wave is shown in Fig. 1. The duty cycle, 6, and frequency, f, were
calculated according to the following equation [46]:

T, + T,

0: on on (l)
T, + Ty + To,

1
f=r @
Tan+ Toff + T{m

where Tﬁn and T}, are the forward (cathodic) and reverse (anodic) times,
respectively, while Ty is the time during which zero current is applied
between the forward and reverse pulses.

The electrochemical synthesis was performed at room temperature
under stirring. After the electrodeposition process, the suspension was
cleaned by centrifugation with water and ethanol (4000 rpm, 15 min,
repeated 4 times).

The selection of the PRC parameters was based on our expertise
regarding pulse plating synthesis using DESs electrolytes [44,47-49].
Due to the relatively high viscosity of DESs compared to aqueous elec-
trolytes, longer anodic and cathodic times, as well as extended T times,
are required to facilitate metal ion diffusion. However, a key short-
coming of this synthesis method is the efficient removal of residual DESs
from the nanocomposite. The high viscosity of the DESs makes their
removal difficult, requiring thorough cleaning steps, including centri-
fugation with appropriate solvents (water and ethanol), to ensure the

purity of the final material.

2.3. Characterization

The morphology and composition of the electrochemically synthe-
sized TiOy nanopowder and Ag-TiO2 composite were assessed by field
emission gun scanning electron microscopy (FEGSEM) using a Nova
NanoSEM 630 (FEI) equipment operated at 10 kV, equipped with energy
dispersive X-ray spectrometer (EDX) from Smart Insight AMETEK. The
structure of the powders was investigated using an X-ray diffractometer
from Rigaku SmartLab with a CuKal source (1 = 0.15406 nm), operating
at room temperature in the 20 range of 10-70° Peak indexing was per-
formed with the help of the International Centre Diffraction Data (ICDD)
database. The surface area and the porosity of the samples were deter-
mined using a Brunauer-Emmett-Teller nitrogen adsorption analyzer
(BET, TriStar Plus, Micromeritics, Norcross, GA, USA). Diffuse reflec-
tance spectra (DRS) were recorded between 250 and 650 nm using a
JASCO V-770 spectrophotometer equipped with an integrating sphere.
X-ray photoelectron spectroscopy (XPS) spectra were recorded on a
Sigma Surface Science photoelectron spectrometer equipped with a 160-
mm hemispherical energy analyzer with a 1D detector (ASPECT), using
a poly-chromatic Al X-ray source at 13 kV and a power of 200 W. The
analysis area was 1.3 x 1.3 mm?2 The analysis was performed by
CasaXPS software [50]. All spectra were fitted using a Shirley-type
background and a Lorentzian-Gaussian peak shape. For calibration of
the binding energy spectra, the C 1 s component associated to C—C peak,
adjusted to 248.8 eV, was used as a reference. All TEM analyses,
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Fig. 2. Experimental XRD data (black points), database pattern for anatase-TiO, used for Rietveld refinement (green line), and final Rietveld fit (red line) for TiOy
and Ag-TiO, composites: (a) TiOy, Ag-TiOo-1.1, Ag-TiO2-1.2 and Ag-TiO»-1.3; (b)TiOy, Ag-TiO2-1 h, Ag-TiO,-3 h and Ag-TiO,-6 h.

Table 2
Results of the Rietveld refinements obtained for TiO, and Ag-TiO, composites.

Sample Unit cell parameters  Mean crystallite Lattice strain
(nm) - TiO, size (nm) - TiO, ( %)- TiOy

TiO, a=b=037¢c=095 27.3 +0.43
Ag-TiO, —1.1 a=b=0.37c=0.95 199 +0.36
Ag-TiO,-1.2 a=b=0.37c=095 158 +0.36

(or Ag-

TiO,-1h)
Ag-TiO,-1.3 a=b=0.37c=095 174 +0.41
Ag-TiO»-3h a=b=037¢c=095 143 +0.13
Ag-TiO,-6h a=b=037¢c=095 17.3 +0.06

including Conventional TEM (CTEM), Selected Area Electron Diffraction
(SAED), High-Resolution TEM (HRTEM), Scanning TEM (STEM), and
Energy Dispersive X-ray Spectroscopy (EDS), were performed using a
SPECTRA 300 TEM from Termo Fisher (Brunel University of London,
UK). The instrument is equipped with a Super-X EDS detector for
chemical analysis and operated at 200 kV to prevent sample damage.
The samples for TEM analysis were prepared by dispersing the powders
in ethanol, and two drops of the solution were deposited onto gold grids
coated with carbon membrane. The STEM image simulation was per-
formed using TEMPAS software from Total Resolution LLC, while Vesta
software was used for atomic model visualization.

2.4. Photocatalytic experiments

The photoreactivity of the TiO and Ag-TiO, composites was evalu-
ated under UV irradiation (1= 365 nm, 6 W, Wiesloch) and visible light
illumination (LSH-7320, ORIEL solar simulator, 100 mW/cm?) for the

degradation of MO dye (10 mg/mL) at pH=3. For the experiments, 1 g/L
of nanopowder was added to 25 mL of the dye solution, followed by
exposure to UV radiation or visible light under continuous stirring. Prior
to irradiation, the samples were magnetically stirred in the dark for 30
min to establish the adsorption equilibrium. The residual dye concen-
tration was quantified every hour in 3 mL aliquots using the absorption
maxima of the chromophore at 504 nm to evaluate the degradation ef-
ficiency. The absorption spectra were recorded in the wavelength range
of 200 - 800 nm using an UV-VIS spectrophotometer (Agilent Cary
5000). Before spectroscopy analysis, the samples were centrifuged at
4000 rpm for 5 min to remove the powder.

For the investigation of the mechanism of MO dye removal, ethyl-
enediaminetetraacetic acid disodium (NaoEDTA), isopropanol (IPA) and
benzoquinone (BQ) were used as capture agents for holes (h*), hydroxyl
radical (¢OH), and superoxide radical (03 ) respectively. Ag-TiO2-3 h
(1 g/L and 25 mL of 10 mg/mL MO dye solution) was stirred in the dark
for 30 min to allow the system to reach the adsorption equilibrium.
After, 0.5 mL of 0.1 mol/L of the above-mentioned capture agents were
added [51] and the absorption was measured after 7 h of exposure to UV
radiation.

2.5. Antimicrobial activity

The antimicrobial activity of the samples was investigated against
Gram-positive and Gram-negative strains. The microorganisms analyzed
were the Gram-negative bacteria E. coli (DH5K strain) and B. subtilis var.
spizizenii as Gram-positive bacteria, sourced from the microorganism
collection of the Bioreactor Laboratory, FICBi. The Nutrient agar (NA)
was used as the culture medium. The plates were inoculated with 100 uL
of microorganism suspension (OD 0.1201 at 600 nm for E. coli and
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Fig. 4. SEM-micrographs of TiO, and Ag-TiO, composites: Ag-TiO>-1 h, Ag-TiO»-3 h and Ag-TiO»-6 h.



L-C. Petcu et al.

Applied Surface Science Advances 27 (2025) 100749

Fig. 5. (a) low-magnification STEM image and (b) HRTEM image of TiO, NPs; (c) and (d) STEM images at atomic level showing the atomic arrangement of TiOy
anatase phase; (e) Simulated HAADF-STEM image; (f) FFT pattern corresponding to STEM image (c); and (g) atomic model of the anatase phase.

0.1158 for B. subtilis). After inoculation, the plates were left in the oven
with controlled humidity for about 1 h to allow the bacterial suspension
to uniformly impregnate the medium. Wells with a diameter of 6 mm
were created on each plate. The powder to be analysed was sterilized
under UV for 1 h (Model UVGL-58 Mineralight Lamp 254/365 nm),
weighed, and aseptically distributed in the wells made on the plate. The
result of the antimicrobial activity was expressed as the zone of inhibi-
tion (IZ, mm), represented by the clear zone surrounding the samples.

3. Results and discussion
3.1. Electrochemical synthesis and characterization

TiOy powder was electrochemically synthesized in DESs, namely
ILEG, following the procedure previously reported by our group [45].
Ag-TiOy composites were prepared using a relatively simple method.
The TiO, powder was dispersed in an ILEG electrolyte, and the elec-
trochemical deposition of Ag was performed in PRC mode using a
two-electrode setup based on Ag wires. In this work, we first investi-
gated the influence of the duration of the Tog while maintaining the
anodic and cathodic pulses at 100 mA for 100 ms. The T,¢ was gradually
increased from 100 to 200 and 300 ms, to obtain the samples named
Ag-TiO2-1.1, Ag-TiO2-1.2 and Ag-TiO»-1.3, respectively. The PRC pa-
rameters, frequency and duty cycle are presented in Table 1. The overall
process consisted of the oxidation of bulk Ag metal during the applica-
tion of the anodic current (Ip™), followed by the Ty, during which the
migration of the metal cations takes place, and finally, the reduction of
Ag" occurs, leading to the formation of Ag nuclei on the surface of TiO,,
during the application of the cathodic current (Ip), as shown in Fig. 1
[35,52]. PVP was added to the ILEG electrolyte to promote Ag nucle-
ation and minimize particle aggregation [53]. Our group has previously
reported the successful decoration of MWCNTs with Ag NPs using a
similar procedure [44,54,55].

The XRD patterns of the TiO; and Ag loaded TiOy composites (Ag-
TiO2-1.1, Ag-TiOo-1.2 and Ag-TiO»-1.3), obtained by PRC in DESs

electrolyte are shown in Fig. 2(a). The XRD revealed the presence of
several diffraction peaks at 20 = 25.35, 37.03, 37.87, 38.80, 48.02,
53.93, 55.03, 62.75, 68.74°, unambiguously attributed to the (101),
(103), (004), (112), (200), (105), (211), (204) and (116) reflections of
anatase-TiOy with a tetragonal crystal system and lattice parameters of a
=b=0.378 nm, ¢ = 0.951 nm, a = f = y = 90°. No additional Ag-based
diffraction peaks were detected, only crystalline anatase TiO3, which
could be associated with the low metal content due to the short elec-
trodeposition time, as we will further discuss in this work [5]. The
experimental XRD data were interpreted using of Rietveld refinement,
employing a least-squared method to fit the theoretical profile against
the experimental. To resolve a real structure, it is necessary to have a
reasonable initial approximation of the unit cell dimensions or the co-
ordinates of all atoms in the crystal structure [56-58]. By fitting the
experimental data, the unit cell dimensions, mean crystallite size and
lattice strain can be obtained [59,60]. In Fig. 2, for TiOo, it is observed
that the calculated data from Rietveld refinement (red line) adequately
fit the experimental data across the entire angular range. The results
obtained from the Rietveld refinement is summarized in Table 2.

The crystal quality is altered, as reflected in the smaller crystallite
sizes for the Ag-TiO, composites compared to TiO, powder (Table 2).
The decrease in the crystallite size was attributed to Ag being embedded
at the grain boundaries, which prevents further grain growth [18,20].
The variation in the T, between the anodic and cathodic pulses in-
fluences the crystallite size, with values of 19.9, 15.8 and 17.4 nm ob-
tained for Ag-TiO-1.1, Ag-TiO2-1.2 and Ag-TiO,-1.3, respectively.
During the T, when zero current is applied, the Ag™ ions can diffuse in
the electrolyte and attach to the surface of TiOy, where they will be
reduced to metallic silver. The crystal structure is influenced by the
balance between the rate of crystal nucleation and the growth of the
already-formed crystals [35,36,61]. The optimum T,¢ was found to be
200 ms. Increasing the Ty to 300 ms leads to an increase in crystallite
size, as a longer time promotes the growth of existing crystals. On the
other hand, a shorter time of 100 ms is insufficient for Ag™ ion migration
in the electrolyte, considering the high viscosity of DESs, which leads to
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Fig. 6. (a) TEM and (b) HRTEM image of Ag-TiO»-3 h composite, showing Ag particles on top of TiO»; (c) SAED pattern corresponding to the TEM image (a). (d) low-
magnification HAADF-STEM image and EDS mapping showing the O (e), Ti (f) and Ag (g) distribution. (h) superimposed maps of Ti and Ag.

Table 3
Surface area, pore size and pore volume for TiO, and Ag-TiO>-1 h, Ag-TiO>-3 h
and Ag-TiO»—-6 h composites.

Sample Sper (M>8")  Vimicro (em® g7)  Vineso (em®g?) D (nm)
TiO4 23.05 0.0018 0.0422 7.3

Ag- TiOx-1h 16.10 0.0018 0.0320 7.9

Ag- TiO>-3h 17.75 0.0023 0.0471 10.3
Ag- TiOy-6h 17.75 0.0008 0.0417 9.7

*Sper is the specific surface area, Vijcro-volume of micropores (d < 2 nm), Vpeso
-volume of mesopores (2 nm < d < 50 nm), Dp-pore diameter.

growth in the same spot. Particles with smaller crystallite size are highly
desirable for a wide range of applications, including photocatalysis,
sensors, and environmental remediation [16].

Building on the optimum PRC plating parameters of Ag-TiO-1.2,
and to increase the content of Ag, the overall duration of the electro-
chemical process was extended from 1 h (new sample notation Ag-
TiO2-1 h) to 3 h (Ag-TiO2-3 h) and finally to 6 h (Ag-TiO2-6 h), as
presented in Table 1. For the Ag-TiO, composites, the XRD patterns
(Fig. 2(b)) evolve with changing electrodeposition time. No additional

Ag-based diffraction peaks were detected in the case of short electro-
deposition time, Ag-TiO2-1 h, only crystalline anatase TiO5 observed.
However, after 3 h (Ag-TiO»-3 h), besides the characteristic TiO5
diffraction peaks, the XRD pattern presents an additional diffraction
feature at 260 = 44.15°, which corresponds to the (200) crystallographic
plane of face-centred cubic (FCC) silver with a = b = ¢ = 0.407 nm. The
(111) reflection located at 20 = 37.93° is not visible, as it overlaps with
the anatase reflections. At 6 h (Ag-TiOo—6 h), the specific (200) and
(220) reflections of Ag appear at 26 = 44.15° and 64.45°, in accordance
with ICDD card No 01-1164 [62,63]. Additionally, new diffraction
peaks emerge at 27.68, 32.13, 46.28, 57.46°, assigned to the (110),
(111), (211) and (221) reflections of cubic Ag>0O with lattice parameter
of a = 0.476 nm according to ICDD card No 76-1393 [62-64]. Thus, the
increase in electrodeposition time leads to the oxidation of silver,
forming Ag,0, since Ag NPs are prone to oxidation. The results from the
Rietveld refinement are summarized in Table 2. According to the Riet-
veld data, despite significant changes in the final phase, the unit cell
parameters of TiO, were not affected, preserving the values of reference
TiOy. The Ag-TiO2-3 h sample has the smallest crystallite size (e.g.
~14.3 nm). However, when the Ag content was increased by extending
the electrodeposition time from 3 h to 6 h, the crystallite size also
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increased. Mogal et al. also reported a decrease in crystallite size for Ag
NPs decorated TiOy [65]. The authors state that Ag incorporation at the
optimum concentration hinders the crystallites growth. However, a
higher Ag content, restrained at the grain boundaries, promotes grain
growth and leads to larger crystallites [12,66]. Regarding the lattice
strain (Table 2), it decreases in Ag-loaded samples, with a tensile strain
reducing from +0.43 % to +0.06 %.

To investigate the oxidation state of the Ag-TiO>-6 h sample, X-ray
photoelectron spectroscopy (XPS) was performed on the Ti 2p and Ag 3d
was region, as shown in Fig. 3.

The Ti 2p XPS spectrum presented in Fig. 3(a) shows components at
binding energy of 464.3 and 458.5 eV, coming from 4" valence state of
TiO; (the distance between peaks is ~ 5.8 eV.) [67]. These peaks are
associated with the spin-orbital splitting of Ti 2p;,2 and Ti 2ps/z,
respectively. Furthermore, in the Ag 3d spectrum, two peaks at binding
energies of 373.45 eV and 367.45 eV are observed, corresponding to Ag
3d 3,2 and Ag 3d 5o, respectively. The peak at 367.45 eV (3ds,2) is lower
than the peak of metallic Ag (368.2 eV for Ago) and closer to those of
silver oxides (367.6 eV for AgO and 367.9 eV for Ag,0) [68,69], thus
confirming the XRD findings.

The SEM analysis of TiO2 and Ag-TiO, composites is presented in
Fig. 4, offering a general view of the NPs. The SEM images indicate that
the morphology of the samples is preserved after Ag-loading of the TiO5.
Spherical particles with nanometric sizes (~10-20 nm) are observed.
The presence of Ag was confirmed by EDX analysis. As the overall
duration of the electrochemical process increased, the Ag content in the
powder increases from 0.3 wt. % for Ag-TiO2-1 h to 0.6 wt. % for Ag-
TiO2-3 h and 2.6 wt. %, for Ag-TiO>-6 h (Fig. S1 and Table S1 in sup-
plementary material). Apart from Ag, Ti and O elements were identified
in an atomic ratio of approximately 1:2.

While SEM imaging provides a good understanding of NPs
morphology and size, TEM is a more suitable technique for studying
nanoobjects, as its higher resolution plays a crucial role. The S/TEM
images, presented in Fig. 5, show TiO, NPs with high crystallinity and
spherical morphology. The TEM measurements confirmed the average
size determined by XRD (~27 nm). In the HRTEM image presented in
Fig. 5(b), the (111) planes corresponding to drjp2=3.5 A were identified.
STEM image (Fig. 5(a)) at low magnification showcases the homoge-
neity of the TiOy NPs obtained electrochemically in DES solvent. The
anatase phase of the TiO, NPs was confirmed using Fast Fourier
Transform (FFT, Fig. 5(f)), corresponding to the High-Angle Annular
Dark Field — STEM (HAADF-STEM) image (Fig. 5(c)) at atomic resolu-
tion, where a NP along the [111] zone axis was identified. The zoomed-
in area (Fig. 5(d)) extracted from Fig. 5(c) shows the exact position of Ti
and O atomic columns, verified by the simulated HAADF-STEM image

(Fig. 5(e)) using the atomic model of anatase from Fig. 5(g).

The TEM images of the Ag-TiO>-3 h composite reveal spherical Ag
NPs (darker particles) with diameters of 19.5 + 10 nm, distributed on
the agglomerated TiO, NPs (Fig. 6(a)). The Ag NPs predominantly range
between 10-35 nm, with the largest reaching 50 nm. TEM investigations
did not show individual Ag NPs. The distribution of Ag NPs on TiO is
influenced by the PRC plating mechanism, see Fig. 1. During the elec-
trodeposition process, the sacrificial bulk Ag metal anode dissolves,
forming Ag" ions that migrate and attach to the TiO» NPs during the Ty
period. These ions subsequently reduce to metallic Ag(0) on the surface
of TiOy upon the application of the cathodic current. This process fa-
cilitates the formation of Ag nuclei across the TiO, surface.

The HRTEM image in Fig. 6(b) shows Ag NPs (darker particles),
marked with dy11=2.35 Z\, on top of TiOy NPs, with dj91=3.5 A. The
SAED pattern in Fig. 6(c) confirms the anatase structure of TiOy NPs as
main part of the diffraction pattern, with faint spots (cyan-dotted oval)
corresponding to (200) planes of FCC structure of metallic Ag. Fig. 6(d)
presents a low-magnification HAADF-STEM image of the Ag-TiO>-3 h
composite, where the mass-thickness contrast reveals the precise posi-
tion of Ag NPs. The mass-thickness contrast can be directly interpreted,
being based on atomic number (Z) of the elements and thickness, bright/
darker areas correspond to heavy/light elements. The EDS elemental
mapping in Fig. 6(e) and (f) illustrates the homogeneous distribution of
O and Ti elements within the TiO, agglomerates, while Fig. 6(g) shows
the presence of Ag. The superimposed EDS maps in Fig. 6(h) show how
Ag NPs are dispersed between TiOy NPs.

The specific surface area of the TiO, powder and Ag-TiO, composites
presented in Table 3 was extracted from the N3 adsorption-desorption
isotherms. There is a slight decrease in the surface area when Ag NPs
are formed on the surface of TiOy. When the overall duration of the
electrochemical process is increased from 1 h to 3 h and 6 h, there is no
significant variation in the specific surface area, with values remaining
around 17 m? g'l. Saravanan et al. reported a significant decrease in the
surface area upon silver addition, which was attributed to the aggre-
gation of TiO crystallite during the preparation of the material [28].
Interestingly, among the different synthesized samples, Ag-TiO>-3 h
exhibits the largest volume of micro- and mesopores, with a pore
diameter of 10.3 nm.

Fig. 7a shows the diffuse reflectance spectra (DRS) of TiO5 and Ag-
TiOy composites. The absorption edge at ~400 nm is attributed to
electron transfer from the valence band to the conduction band of TiO,.
As presented in Fig. 7a, the DRS spectra of the Ag-loaded samples differ
from those of pure TiO,. The absorption of the composite samples
slightly increases in the visible light region, from 400 to 650 nm, with
the Ag-TiO2-3 h sample exhibiting the highest absorption in this region.
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The observed broadening of the absorbance band, associated with the
LSPR of Ag NPs on the surface of a semiconductor (generally located
around 400 nm), could be the effect of Ag NPs interaction with TiO [20,
70,71]. Furthermore, an increase in Ag concentration (2.6 wt % for
Ag-TiO2-6 h) does not improve absorption in the visible region, the
values obtained being similar to those observed at shorter electro-
chemical synthesis time, Ag-TiOy-1 h. This phenomenon could be

associated with the formation of Ag;0 oxide at longer electrodeposition
times, 6 h, as evidenced by XRD analysis (see Fig. 2.) Wu et al. reported a
strong damping of the LSPR of Ag NPs when silver oxide, Ag»0, is
produced [72]. In another work, Mogal et al., observed that upon
increasing the silver content on Ag-TiO, composites, the visible ab-
sorption band disappeared on higher silver loaded samples [65].

The band gap energy (Eg) of TiO, and Ag-TiO, composites was
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determined from the DRS spectra by extrapolating the linear region of
the plot of [F(R.)hv] 172 yg hv, according to the Kubelka-Munk theory
under the assumption of an interband direct transition [12,73], where F
(Rs) is the Kubelka-Munk function, R, is the absolute reflectance of
sample, hv is the photon energy and Eg the band gap energy (Fig. 7b). No
significant change in the Eg is observed, with the value for TiO, was
slightly reduced from 3.13 to 3.10, 3.07, and 3.12 eV for Ag-TiO,
composites at 1 h, 3 h, and 6 h, respectively. The observed band gaps are
consistent with the ones reported for anatase TiO, and Ag-loaded
composites [12,17,18,66,74-77]. The band gap of the Ag-TiO, com-
posite is known to be significantly influenced by the silver content
incorporated into the composite, exhibiting values from 3.3 to 2.67 eV at
3 % and 10 % Ag loading [25,77]. In the current study, the Ag con-
centration was limited to 2.6 wt % and, as a result, no significant band
gap variation was detected.

3.2. Photocatalytic experiments

The photocatalytic activity of TiOy and Ag-TiO5 composites was
estimated by the degradation of MO dye (10 mg/mL) under UV and
visible light illumination. The experiments were performed at the opti-
mum pH value of 3 (see Fig. S2). Under acidic conditions, the surface of
the TiO, is positively charged, facilitating the adsorption of the dye and
therefore enhancing the photodegradation efficiency [78]. The con-
centration of the powdered catalyst in the solution was fixed at 1 g/L,
and the samples were evaluated at the initial moment and every hour for
6-7 h of irradiation. The effect of the photocatalytic activity under UV is
presented in Fig. 8, while for visible light illumination in Fig. 10. Under
UV, pure TiO, exhibits a degradation efficiency of 77.7 % while the
composites exhibited higher efficiencies: 82.2, 91.4 and 88.5 % for
Ag-TiO2-1 h, Ag-TiO2-3 h and Ag-TiO»-6 h, respectively (Fig. 8(e)).
Additionally, a relatively high photodegradation efficiency of around
60.2 % was observed for Ag-TiO>-3 h composite after visible light
illumination, compared to 32.3 % for pure the TiO sample, showcasing
the benefits of Ag-loading (see Fig. 10(e)). The photocatalytic activity
under visible light is improved by Ag incorporation, even for short
electrodeposition time, Ag-TiO,-1 h exhibiting a degradation efficiency
of 41.5 % while Ag-TiO2—6 h showed 55.2 % efficiency (see Fig. 10(e)).
Ag-TiOy composites significantly outperform pure TiO in terms of
photodegradation efficiency under both UV and visible light. The
addition of Ag is beneficial for the photodegradation process, as it acts as
an electron trap, transferring electrons to the TiO3 conduction band and
subsequently to oxygen, generating superoxide radicals. Simulta-
neously, the holes in the valence band react with water, forming
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hydroxyl radicals that drive the photocatalysis of pollutants. Addition-
ally, Ag loading induces a surface plasmon resonance effect, as
demonstrated by the DRS analysis (Fig. 7), boosting light absorption in
the visible region, further improving TiOy’s photodegradation efficiency
[16-18].

The Langmuir-Hinshelwood (LH) model was used to determine the
kinetic rate constant of the photocatalytic reaction, using the following
equation:

dC  kK,C

Tdt T 1+KuC 3

where r- reaction rate, C - is the dye concentration within a time interval
t, k - is the reaction rate constant and K, -adsorption constant ac-
counting the attachment of the dye molecules on the photocatalyst
surface. Considering that the dye concentration is low, the equation is
simplified to [79]:

@

C
—lnC— = adl = kappt

0
where kgyp= kKqyq the pseudo-first-order reaction rate constant, and Co
the initial dye concentration

In Fig. 9(a) andFig. 11(a), the decolorization of the MO dye in the
presence of TiO, and Ag-TiO composites at different illumination times,
under UV and visible light conditions, is presented. It can be observed
that the concentration of the MO dye decreases as a function of irradi-
ation time. In contrast, the degradation of the MO dye in the absence of
the nanopowder is considerably low (marked as the photolysis process
on the plots).

The pseudo-first-order reaction rate constant of the photocatalytic
reaction was determined from the slope of the linear fit of 7lnc% vs time
(Eq. (4)), as shown in Fig. 9(b) and Fig. 11(b) for UV and visible illu-
mination. Among all samples, Ag-TiO,-3 h presents the fastest decay
rates, 5.56 x 107> min! and 2.14 x 1072 min™! for degradation under UV
(Table 4) and visible illumination (Table 5), respectively. Clearly, the
addition of Ag, improved the photocatalytic activity under both UV and
visible light. The pseudo first-order reaction rate constant is around two-
fold higher for Ag-TiO2-3 h (kg =2.14 x 1073 min'l) than for TiOy
samples (kqp = 1.03 x 1073 min'!) under visible light.

Among the different samples, Ag-TiO»-3 h is a more efficient pho-
tocatalyst under both UV and visible light illumination compared to
pure TiOy and Ag-TiO, samples with higher Ag content, namely Ag-
TiO2-6 h. The degradation of MO was slightly lower for both UV and
visible illumination when the electrodeposition time increasing from 3



L-C. Petcu et al.

Applied Surface Science Advances 27 (2025) 100749

1.0 4 Ti 0 mi 1.0 2 .
Tio, e Ag-TiO, -1h 0 min
60 min | 60 min
0.8 4 a) 120 min 0.8 4 b) 120 min
180 min 180 min
—_ 240 min —_ .
3 E 240 min
S 06 300 min 8 0.6 300 min
3 360 mi @
e o 2 360 min
< @
2 K]
o 04 |°. 0.4 4
2 7}
9 -1
< <
0.2 4 0.2
0.0
0.0 1 T T T T T T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
1.0 1.0
Ag-TiO2-3h 0 min Ag-TiO5-6h omin
60 min 60 min
c) d)
0.8 120 min 0.8 120 min
180 min 180 min
; 240 min ? 240 min
S 061 s00mn | & 06 300 min
© ®
2 360 min e 360 min
© ©
£ £
o 0.4 - 5 04 -
@ @
2 o
< <
0.2 0.2 4
0.0 4 0.0 4
T T T T T T T T M T T T T T
200 300 400 500 600 700 80( 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
100
e)
= 80
E
)
c 60.2%
.g 60 55.2%
&
1)
© 41.5%
3 40
£ 32.3%
e
1
(<}
S 20
(8]
0 T T T T
Tio2 AgTiO2-1h AgTiO2-3h AgTiO2-6h
Samples
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to 6 h, which led to an increase in Ag content from 0.6 wt. % to 2.6 wt.
%. The decrease in the photocatalytic activity could be associated with
the increase in Ag concentration, resulting in the agglomeration of Ag
NPs. The formation of the Ag>0 crystalline phase has been reported to
improve the photocatalytic activity [79,80], in our case the agglomer-
ation of Ag NPs has a greater impact that the presence of Ag,0. Similar
to other studies, the intermediate silver content and larger specific
surface area are the key characteristics of the photodegradation effi-
ciency. For instance, several reports showed that increasing the Ag
content above a certain threshold decreases the photocatalytic activity
[65,81-83]. Rahmawati and co-workers reported a similar effect of Ag
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concentration on the photodegradation of methylene blue dye under
visible light. Among the different samples prepared - 0.5 % Ag-TiO2, 1 %
Ag-TiOy, 3 % Ag-TiO, and 6 % Ag-TiO, - the optimal catalytic activity
was demonstrated for the 3 % Ag-TiO, particles [81]. The authors
associated the increased photocatalytic activity of 3 % Ag-TiO, with the
high surface area, while a higher concentration of Ag, generates the
agglomeration of Ag NPs into larger clusters on the TiO, surface,
limiting the available sites for surface reactions, hindering light ab-
sorption, and reducing the adsorption of reactant molecules by TiO2. In
addition, high, Ag content can serve as recombination centres, leading to
a reduction in the photocatalytic activity of TiO2 [77,79,84].
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Table 4
kqpp values for pure TiO, and the AgTiO-1 h, AgTiO,-3 h and AgTiO,-6 h
composited under UV light.

Photocatalyst type kapp (x 107), min™! R?

TiOy 3.48 0.978

Ag-TiO>-1h 3.79 0.959

Ag-TiO>-3h 5.56 0.962

Ag-TiOx-6h 5.03 0.969
Table 5

kgppvalues for pure TiO, and the AgTiOy-1 h, AgTiO,-3 h and AgTiO,—6 h
composites under visible light illumination.

Photocatalyst type kapp (% 107%), min?! R?

TiO, 1.03 0.971
Ag-TiOz-1h 1.40 0.913
Ag-TiO>-3h 2.14 0.908
Ag-TiO2-6h 2.09 0.982

A table comparing the photodegradation efficiency of various pho-
tocatalysts towards the degradation of MO dye is presented in the sup-
plementary section (Table S2). The Ag-TiO, NPs synthetised via PRC
electrodeposition exhibited a high MO degradation efficiency of 91.4 %
under a low-power UV lamp (6 W, A= 365 nm). This performance is
comparable to other studies reported in the literature that utilized
significantly higher power sources (e.g. 100 W or 500 W UV lamps), yet
it achieves substantial pollutant removal with a significantly lower en-
ergy consumption, 42 Wh. Moreover, the electrochemical synthesis
method used in this study offers a scalable and cost-effective alternative
to conventional synthesis routes, making it well-suited for large-scale
environmental applications, while the use of DESs electrolytes en-
hances sustainability [34,41].

Furthermore, to evaluate the stability of the photocatalyst, the Ag-
TiO2-3 h composite was reused in a second photodegradation test. After
the first cycle of photodegradation, the powder was cleaned, dried at 60
°C and recycled to photodegradation analysis under UV conditions. The
efficiency of the recovered catalyst decreased from 91.4 to 80.2 %, as
shown in Fig. 12(e). The XRD analysis did not show significant changes
on the structure of the nanopowder (Fig. 12(c)); however, the SEM-EDX
measurements indicated incomplete removal of the organic dye, which
adhered to the surface of the composite and could reduce its photo-
catalytic activity. The morphology of the sample was slightly altered,
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with fibrous structures visible (indicated by arrows in Fig. 12(a)), which
are attributed to the dye residue. The EDX mapping (Fig. 12(b)) clearly
identified N and C elements, which are part of the organic dye compo-
sition. The silver content in the composites remained unchanged after
reutilization.

3.3. Antimicrobial activity

Pulse plating of Ag onto the surface of TiOy NPs was effective,
demonstrating that this method can serve as an alternative approach to
enhance the photocatalytic activity of TiO, under both UV and sunlight
irradiation. Considering that the optimum amount of Ag-loading to
improve photocatalytic activity is 0.6 wt. %, which was achieved after 3
h of electrodeposition, namely Ag-TiO>-3 h sample, its antimicrobial
activity was evaluated against Gram-negative and Gram-positive strains,
specifically E. coli and B. subtilis var spizizenii, respectively.

The result of the antimicrobial activity is expressed as the zone of
inhibition (IZ, mm), represented by the clear zone around the samples,
as shown in Fig. 14. From the analysis of the inhibition zones, TiO5
nanopowder exhibits good antibacterial activity against Gram-negative
strains, specifically E. coli, with a microbial inhibition zone of 16.5 +
0.94 mm. However, the antibacterial effect against B. subtilis var spizir-
enii, a Gram-positive strain is limited, with the NPs exhibit an inhibition
zone of 5 + 0.12 mm. In comparison to TiO, nanopowder, the activity of
the Ag-TiO, composite was significantly higher against B. subtilis var
spizizenii. The inhibition zone increased from 5 + 0.12 mm to 23 + 0.05
nm with the incorporation of Ag. The antimicrobial effect against E.coli
was also enhanced with the incorporation of Ag, with the inhibition zone
increasing from 16.5 + 0.94 mm for TiO; to 18.5 + 0.86 mm for the Ag-
TiO, composite. (Fig. 13, Fig. 14)

Our results are consistent with previous reports in the literature.
Landage et al. reported an inhibition zone of 14 mm for TiO2 NPs against
E.coli and 9 mm for B. subtilis [85]. The authors observed that
Gram-negative bacteria are more sensitive to TiOy NPs compared to
Gram-positive strains. Yuan and co-authors reported a microbial inhi-
bition zone of 27 mm against E.coli and 21.3 mm against B. subtilis for a 1
% Ag-TiO, composite, while for TiO, NPs, the inhibition zone was found
to be 16 and 15.2 mm, respectively [86] . The antimicrobial activity of
TiO4 NPs has been linked to the reactive oxygen species (ROS), such as
-OH, -03, and -OH> *, which affect bacterial cells. The formation of these
ROS radicals leads to cell death through various mechanisms, including
damage to the cell wall, cell membrane, DNA, etc. [87]. The incorpo-
ration of Ag NPs clearly increased the antibacterial properties, especially
against Gram-positive species. The antimicrobial properties of Ag NPs



I-C. Petcu et al. Applied Surface Science Advances 27 (2025) 100749

(b)

(C) o Ag-TiO,- 3h-reuse catalyst
o
p= TiO, card no. 83-2243
— 0 min
2
= 0.8+ 60 min
> —_
) .
g 5_“., 120 min
S 3 06+ 180 min
> 5 ;
B 5 = 2 240 min
S 8 S 9 04J i
_q_,‘) S I (7 300 min
=¥ gs v 2
TiT f 360 min
! i & ol )
T c ¢ 024 v 420 min
M et =
B G0
T T T T T T T T T T T 0.0
. T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 200 200 400 500 500 700 800
20 (°) Wavelength (nm)
100
(e) _o14%
80.2%
__ 80
!
>
1)
c
2 60
N
£
1}
g
2 40
£
e
=
o
S 20
o
0 T T
Ag-TiO2-3h Ag-TiO2-3h reuse
Samples

Fig. 12. (a) SEM, (b) EDX elemental mapping and (c) XRD pattern of the recycled Ag-TiO»-3 h catalyst; (d) UV-Vis absorption spectra of MO dye using the Ag-
TiO,-3 h recycled composite and (e) colour removal efficiency after 420 min of exposure to UV light of the as-prepared and recycled Ag-TiO,-3 h composite.

are well known; however, the mechanism is not fully understood. First, 3.4. Mechanism of catalyst analysis

Ag NPs can cause membrane damage to bacterial cells by attaching to

the sulphur groups present on the membrane. Second, Ag' can be To understand the photocatalytic mechanisms, free radical capture
released from the NPs, damaging DNA/RNA and respiratory enzyme experiments were conducted on the best-performing sample, Ag-TiO2-3
activity [88]. The difference in antimicrobial activity against h, to explore the main species involved in the degradation of MO. Eth-
Gram-negative and Gram-positive strains depends on the structure of the ylenediaminetetraacetic acid disodium (NayEDTA), isopropanol (IPA)
bacterial cell wall, which is thicker in Gram-positive strains compared to and benzoquinone (BQ) were used as capture agents for holes (h"),
Gram-negative bacteria [89]. Furthermore, the obtained nanopowder hydroxyl radical (¢OH), and superoxide radical (eO;) respectively [91,
can be distributed on different surfaces and used in several industries for 92]. The degradation efficiency under UV light in the absence of scav-
antibacterial effect, such as leather and footwear [90]. enger was 91.4 % and it dropped to 61.2 %, 57.7 % and 11.2 % upon the

addition of/ IPA, NaEDTA and BQ, respectively. This suggests that all
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Fig. 13. Antimicrobial activity of TiO, and Ag-TiO>-3 h composite against E.
coli and B. subtilis var spizizenii. (**IZ — hallow zone around sample where the
bacterial growth is diminished but not totally inhibited).

three species, h*, «OH, and ¢0; are involved in the photodegradation of
MO (see Fig. S3). BQ strongly inhibited the photodegradation process,
suggesting that eO; is the main radical involved in the degradation of
the organic dye.

Fig. 14 depicts the photodegradation and antibacterial behaviour of
Ag-TiO5 composites. The CB and VB edge for the best-performing sam-
ple, Ag-TiO, —3 h composite, were determined based on the band gap

energy obtained from Fig. 7b, using the following formulas:
By
Eoy =X~ E— =%

Eyp = Ecg + Eg

where Ecp and Eyp are the CB and VB edge level potential, Eg is the band
gap (3.07 eV), E, is the energy of free electrons (~4.5 eV) and X is the
electronegativity of the semiconductor (for TiO3 = 5.80 eV, and for Ag-

TiO>-3 h ~5.792 eV, determined by considering the sample
| H,0 /
[ -
Antibacterial\

Effect

— ‘OH /
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composition) [93,94]. The CB and VB edge level potential were calcu-
lated —0.23 eV and 2.83 eV, respectively.

Under light irradiation, photon absorption leads to electronic exci-
tation from the valence band (VB) of the semiconductor towards the
conduction band (CB), generating pairs of electrons (e~) and holes (ht).
The photogenerated electron-hole pairs are involved in oxidation/
reduction reaction with the pollutant adsorbed on the TiO, surface,
namely MO. The h*react with water molecules (H50) to form hydroxyl
radicals (¢OH), while the electrons react with molecular oxygen (O3) to
form superoxide radicals (¢05). The resulting reactive oxygen species
(ROS) then react with the pollutants (MO) or microorganisms present on
the semiconductor surface, decomposing them. The loading of TiO, with
Ag NPs improves the photodegradation activity in two ways: retarding
the electron-hole recombination and extending the absorption into the
visible light spectrum [18,67]. The electrons in the conduction band
(CB) of TiO, can be transported to Ag NPs, where they will react with
oxygen, forming superoxide radicals (¢O;). The LSPR effect of Ag NPs,
under visible light, promotes electrons from the surface of Ag into the CB
band of TiO,, enhancing the photocatalytic activity towards the for-
mation of hydroxyl radicals [95,96]. The production of ROS by the
composite disrupts the integrity of bacterial cell membranes, causing the
leakage of intracellular components, which consequently leads to cell
death. Furthermore, Ag NPs possess antibacterial properties with or
without light activation, as they can damage the bacterial membrane,
and Ag" can be released from Ag NPs, broadening the application of the
composite in the biomedical field [18].

4. Conclusions

In this work, an easy route to electrochemically prepare Ag-TiO,
composites using PRC electrodeposition method from DESs electrolyte is
reported. Various PRC parameters were investigated, including T
values of 100, 200 and 300 ms. XRD analysis revealed the lowest crys-
tallite size at a Tof of 200 ms, which was selected as the optimal
parameter. The electrodeposition time was then varied from 1 h (Ag-
TiO2-1 h) to 3 h (Ag-TiO2-3 h) and 6 h (Ag-TiO2-6 h) to further increase
the Ag content. TEM analysis showed that Ag NPs were attached to the
surface of anatase TiO, NPs, with an average size of 19.5 + 10 nm. DRS
revealed a broad absorption peak between 400 and 650 nm, corre-
sponding to the LSPR of Ag NPs, which decreased at longer electrode-
position times. The photocatalytic activity of TiO; NPs and Ag-TiO,
composite was tested towards the degradation of MO dye under UV (6 W

E, = 3.07 eV

2.83 eV

Fig. 14. Photocatalytic activity and antibacterial effect of Ag-TiO, composite.
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lamp) and visible light illumination (solar simulator, 100 mW/cm?). The
incorporation of Ag clearly increases the photocatalytic efficiency, with
the Ag-TiO2-3 h composite achieving nearly double the efficiency of
pure TiO2 nanopowder under visible light illumination, with low power
consumption. Reusability tests indicated a slight decrease in the pho-
todegradation efficiency, attributed to dye adsorption on the surface.
The mechanism of MO dye degradation was explored using various
scavengers, revealing that superoxide radicals (eO;) play a dominant
role. The antimicrobial activity of TiO and Ag-TiO2-3 h composite was
assessed against Gram-positive (B. subtilis) and Gram-negative (E.coli)
species. Clearly, the incorporation of Ag improves the antibacterial ac-
tivity, which is significantly higher against Gram-positive strains.

Therefore, due to its excellent photocatalytic and antibacterial ac-
tivities, Ag-TiO5 composite could be used in environmental remediation
for the decomposition of organic pollutants and as effective biocide to
eliminate Gram-negative and Gram-positive bacteria. Future work
should focus on scaling up the production of Ag-TiO, composite while
exploring its integration with other sustainable sources, such as carbon
derived from residual waste, to further enhance its properties.
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